The thyroid gland is one of the most sensitive organs in ionizing radiation (IR)-induced carcinogenesis. To determine, therefore, the speci®c cascade of IR-induced signal transduction in human thyroid cells, we investigated the functional role of protein kinase C (PKC), especially its interlocking activation of c-Jun NH 2 -terminal kinase (JNK) pathway. In the present study, using adenovirus expression vectors for diverse dominant-negative ( 
Introduction
Ionizing radiation (IR) is a well-known carcinogenic agent. However, the sensitivity to IR varies among various body organs in humans. Previous reports including epidemiological studies conducted in Nagasaki, Hiroshima and Chernobyl have already demonstrated that the thyroid gland is one of the most sensitive organs to the IR carcinogenic eect (Ron et al., 1995; Shore, 1992) . In addition, we have demonstrated that thyroid cells are relatively resistant to IRinduced apoptosis (Namba et al., 1995; Yang et al., 1997) . Incidentally, IR activates several signal transduction pathways not only from DNA damage but also from cell membrane breakdown to the nucleus (Hallahan et al., 1991; Hara et al., 1998; Sautin et al., 2000) . We have also demonstrated that IR has a unique eect on the release of ceramide and diacylglycerol (DAG) in thyroid cells; a weak and transient release of ceramide but a strong and sustained release of DAG (Sautin et al., 2000) . DAG activates DAGdependent isoforms of protein kinase C (PKC), and is involved in cell survival (Jarvis et al., 1994) .
PKC is a family of serine/threonine kinases that can be activated by external stimuli and stresses, and consists of at least 12 isoforms (Jaken, 1996; Newton, 1995; Nishizuka, 1988 Nishizuka, , 1995 . Based on their structures, these isoforms are divided into three groups: (1) classical PKCs (a, b1, b2 and g) which can be activated by DAG or calcium; (2) novel PKCs (d, e, Z, y and m) which can be activated by DAG but not calcium; (3) atypical PKCs (z, l and i) which are not responsive to either DAG or calcium. Each PKC isoform contains an amino-terminal regulatory domain and a carboxyterminal catalytic domain (Soh et al., 1999) . Tissue speci®c expressions of isoforms are observed, and each isoform exhibits discrete properties and functions.
In addition to the PKC pathway, multiple mitogenactivated protein kinase (MAPK) signaling pathways are important for determination of cell fate, and are also activated in response to various extracellular stimuli and stresses (Kyriakis and Avruch, 1996; Marshall, 1994 Marshall, , 1995 Minden and Karin, 1997; Nishida and Gotoh, 1993; Seger and Krebs, 1995) . MAPK family members include extracellular signalregulated kinase (ERK) (Cobb and Goldsmith, 1995; Marshall, 1995) , c-Jun NH 2 -terminal kinase (JNK) (Gupta et al., 1996; Kyriakis et al., 1994) and p38 MAPK (Enslen et al., 1998; Han et al., 1994; Wang et al., 1997) . ERK is activated mainly by tyrosine kinase-encoded receptors and G proteincoupled receptors that induce mitogenesis and dierentiation (Cobb and Goldsmith, 1995; Marshall, 1995) , whereas the JNK and p38 MAPK subgroups are activated by cellular stresses (e.g. IR, UV and osmotic shock) and in¯ammatory cytokines (e.g. TNF-a and IL-1) (Jiang et al., , 1997 Kyriakis and Avruch, 1996; Minden and Karin, 1997; Wang et al., 1997) . The latter two kinases have been implicated in apoptosis, in¯ammatory responses and oncogenic transformation (Enslen et al., 1998; Kyriakis and Avruch, 1996; Minden and Karin, 1997; Raitano et al., 1995; Wang et al., 1997; Xu et al., 1996) .
MAPK is activated by MAPK kinase (MAPKK), and several MAPKKs have been identi®ed. Among these, mitogen-activated protein kinase kinase 4 (MKK4/SEK1) and MKK7 are known as JNK kinase (JNKK) (Cobb and Goldsmith, 1995; Kyriakis and Avruch, 1996) . We have already demonstrated that IR activates JNK but not ERK through PKC-dependent pathway in primary cultured human thyroid cells (PT) (Hara et al., 1998) . However, the details of PKC-JNKK-JNK pathway following IR have not been clari®ed yet. Elucidating this pathway should allow a better understanding of thyroid cell fate following IR.
Results

Identification of human thyroid PKC isoforms by RT ± PCR method
To investigate the PKC isoforms that are expressed in PT, we used RT ± PCR analysis with speci®c primers against seven dierent PKC isoforms (a, b1, b2, g, d, e and z). PKC a, b2, d, e and z isoforms were expressed in PT (Figure 1) , and the highest expression was that of PKC d. No detectable bands were observed without reverse transcriptase (data not shown). To con®rm that each band was an objective product, they were incubated with appropriate restriction enzymes (a/ PvuII, b2/HindIII, d/NcoI, e/HindIII and z/PvuII), and prospective bands were observed (data not shown). ARO cells also expressed the same isoforms except z after the same method (data not shown).
Activation of JNK following IR depends on PKC d
IR-induced JNK activation is observed in dosedependent manner, and the peak activity occurs rapidly at 0.5 ± 1 h in PT (Hara et al., 1998) . In the present study, we performed JNK in vitro kinase assay at 1 h after irradiation. To investigate the PKC isoforms involved in IR-induced JNK activation in human thyroid cells, each dominant-negative (DN) type of PKC isoform was expressed in PT using adenovirus expression vectors. The eciency of adenoviral gene transduction into thyroid cells was determined by Xgal staining 48 h after infection with b-galactosidase (Ax-LacZ). Almost 100% staining was obtained at three multiplicities of infection (MOI) in PT and ARO cells (Figure 2a) . Inhibition of IR-induced JNK activation was only found in PT transduced DN/d type of PKC. On the other hand, transduction of other DN types (a, b2, e and z) had no signi®cant eect on IR-induced JNK activities (Figure 2b ). Ax-LacZ was used as a negative control to exclude possible deleterious eects of the vector itself. Similar results were obtained using ARO cells (data not shown). To further con®rm this ®nding, we used PKC d selective inhibitor, Rottlerin. The results showed that Rottlerin inhibited IR-induced JNK activation in a dosedependent manner (Figure 2c ). These data indicate that the activation of PKC d but not a, b2, e nor z plays an important role in mediating IR-induced JNK activation in human thyroid cells.
IR induces tyrosine phosphorylation of PKC d but not cleavage in early response leading to JNK activation
Previous studies have demonstrated that PKC d is proteolytically cleaved to 40 kDa catalytically active fragment at the onset of apoptosis induced by DNA damaging agents containing IR (Bharti et al., 1998; Emoto et al., 1995; Ghayur et al., 1996) . On the other hand, Yuan et al. (1998) have reported that PKC d is phosphorylated on tyrosine residues and activated in response to IR. To investigate whether cleavage or tyrosine phosphorylation of PKC d occurs in early response leading to JNK activation, we performed immunoprecipitation and immunoblot analysis using anti-PKC d and anti-phospho-tyrosine antibodies in PT. IR activated JNK in a dose-dependent manner ( Figure 3a ). However, PKC d was not cleaved up to 10 Gy IR, and cleaved bands and attenuation of fulllength bands of PKC d were not detected for 8 h after exposure ( Figure 3a ). On the other hand, the results showed that tyrosine phosphorylation increased following IR (Figure 3b ).
Activation of transcription factor AP-1 following IR through PKC d pathway IR activates JNK but not ERK pathway in PT as described previously (Hara et al., 1998) . JNK phosphorylates c-Jun, a component of transcription factor AP-1, resulting in the activation of AP-1 . To determine whether this IR-PKC d-JNK pathway regulates the activity of AP-1, we used ARO cells stably transfected with AP-1 luciferase reporter plasmids (pAP-1-Luc) which contain four copies of AP-1 binding regions. As shown in Figure  4 , IR induced the activation of AP-1 by about 2.5-fold, Figure 1 Expression of mRNA of PKC isoforms in PT. RT ± PCR analysis was performed using speci®c primers for each isoform. Each band represents the expression of the indicated isoform (arrow). M: DNA marker (New England Biolabs, 100 bp ladder) and this induction was attenuated by overexpression of DN type of PKC d. This ®nding provides evidence that IR activates AP-1 through the activation of PKC d.
IR activates JNK through MKK7 but not MKK4
To determine the type of JNKKs activated by IR in human thyroid cells, two immune-complex coupled kinase assays, against MKK4 and MKK7, were performed. Endogenous activated MKK4 could be immunoprecipitated by anti-phospho-SEK1 antibody. Since there is no commercially available immunoprecipitable anti-MKK7 antibody, we transiently expressed ag-tagged MKK7 in ARO cells, and assayed MKK7 activities using anti-¯ag antibody. The results displayed in Figure 5a show a lack of MKK4 activation following IR. On the other hand, IR activated MKK7, and this activation was blocked with pretreatment with Rottlerin ( Figure 5b ). To further elucidate whether IR activates JNK through MKK7 pathway, we cotransfected expression vectors of myc-tagged JNK1 together with¯ag-tagged MKK7K63R, kinasede®cient mutants of MKK7, and performed JNK immune-complex kinase assay following IR. IRinduced JNK activation was suppressed by cotransfection of MKK7K63R (Figure 5c ).
Discussion
In this study, we describe a novel cascade of intracellular events induced by exposure of human thyroid cells to IR. We demonstrated that IR activated PKC d-dependent MKK7-JNK-AP-1 pathway, and that other isoforms of PKC are not involved in the activation of this pathway.
PKC a, d, e and z but not b nor g have been identi®ed in FRTL-5 cells, a rat thyroid cell line (Wang et al., 1995) , and PKC a, e, z, i and l but not b, g, d nor y have been identi®ed in R18 cells, human thyroid cell line (Hall-Jackson et al., 1998) . To our knowledge, however, there are no studies that have previously reported the presence of these isoforms in normal human thyroid cells. Therefore, we at ®rst determined the expression pro®le of PKC isoforms in PT. Our data demonstrated the expression of several PKC isoforms (a, b2, d, e and z) in PT. To identify the speci®c PKC isoform involved in the activation of JNK following IR, we transduced various DN types of PKC isoforms into PT using adenovirus expression vectors. We used the adenovirus vector system because of the diculty of introducing foreign genes into PT and measurement of endogenous JNK activity. The eciency of gene transduction into PT was almost 100% using this method. Our results showed that PKC d was involved in IR-induced JNK activation, while other isoforms of PKC (a, b2, e and z) had no in¯uence on IR-JNK pathway. Furthermore, pretreatment of Rottlerin inhibited IR-induced JNK activation. These results indicate that PKC d speci®cally mediates IR-induced JNK pathway in human thyroid cells. Yuan et al. (1998) have demonstrated that PKC d is phosphorylated on tyrosine residues and activated by c-Abl in response to IR. PKC d is unique among PKC isoforms as a substrate for tyrosine phosphorylation. However, the critical site of tyrosine phosphorylation related to its activity is unknown . Other studies have demonstrated that PKC d is proteolytically cleaved to a 40 kDa catalytically active fragment in cells undergoing apoptosis in response to DNA damaging agents (Bharti et al., 1998; Emoto et al., 1995; Ghayur et al., 1996) . In fact, the role of PKC d cleavage in induction of apoptosis is highly suspected by the ®nding that overexpression of PKC d catalytic fragment is associated with chromatin condensation, nuclear fragmentation, appearance of sub G1 DNA, and cell death (Ghayur et al., 1996) . On the other hand, activation of platelet-derived growth factor (PDGF) or epidermal growth factor receptors and transformation by Ras or v-Src results in tyrosine phosphorylation of PKC d . Thus, PKC d plays opposite roles; either apoptosis or cell survival, under various conditions. In this study, we investigated the operational mechanisms involved in the early response to IR. Our results showed increased tyrosine phosphorylation following IR, however no cleavage was observed in PT. Furthermore, cleavage of PKC d was not observed for 8 h after exposure, suggesting that the IR-induced PKC d activation is probably not pro-apoptotic signal, but associated with the relative radio-resistance of thyroid cells. that ERK is not activated following IR in human thyroid cells (Hara et al., 1998) . However, in the present study, we showed that AP-1 was activated following IR, and that this activation pathway was dependent on PKC d. These results suggest that following IR, PKC d regulates AP-1 target gene expressions through JNK pathway.
Recent studies have demonstrated the presence of two JNKKs, MKK4 and MKK7. MKK4 activates both JNK and p38 MAPK (Derijard et al., 1995; Han et al., 1996; Jiang et al., 1996; Lin et al., 1995; Sanchez et al., 1994) , while MKK7 selectively activates JNK (Holland et al., 1997; Lu et al., 1997; Moriguchi et al., 1997; Tournier et al., 1997 Tournier et al., , 1999 . In this study, we clari®ed that MKK7 but not MKK4 was involved in the process of IR-induced and PKC d-dependent JNK activation. However, we could not obtain the evidence that PKC d directly activates MKK7 (data not shown). Kawakami et al. (1998) have also reported that PKCdependent JNK activation is not involved in MKK4 in mast cells. We have also shown that p38 MAPK is not activated following IR in PT (unpublished data). This is consistent with no activation of MKK4. However, inhibition of IR-induced JNK activation by MKK7KR was partial, suggesting the existence of unknown JNKK in this IR-PKC d-JNK pathway. Moriguchi et al. (1997) have indeed indicated the presence of another JNKK at the level of fractionation by column chromatography using lysates of stress-stimulated cells. Other studies have demonstrated that MKK7 is mainly activated by cytokines (e.g. TNF-a and IL-1), while MKK4 is mainly activated by environmental stresses (e.g. UV and osmotic shock) (Tournier et al., 1999) . Interestingly, IR activated MKK7 but not MKK4 in human thyroid cells, indicating the existence of a speci®c JNK activation pathway compared to other major environmental stresses such as UV.
In conclusion, we clari®ed for the ®rst time a new cascade of PKC d-MKK7-JNK-AP-1 activation following exposure of human thyroid cells to IR. The eect of IR on thyroid cell fate may be crucially determined by the involvement of speci®c intracellular signal transduction as well as by genetic damage. Further elucidation and comparison with other cell types may clarify the relationship between this pathway and thyroid cell fate following IR.
Materials and methods
Cell culture and materials
Primary human thyroid cells were isolated from thyroid tissues during subtotal thyroidectomy in patients with Graves' disease after informed consent and cultured as described previously (Kawabe et al., 1989) . ARO, human anaplastic thyroid cancer cells were cultured in RPMI1640 (Life Technologies) supplemented with 10% fetal bovine serum (FBS) (Intergen). All cells were grown at 378C in 5% CO 2 -containing atmosphere. Cells were irradiated at room temperature using an EXS-300 X-irradiator (Toshiba, 200 kV, 15 mA, 0.85 Gy/min), and UV irradiation was performed using a CL-1000 UV cross-linker (Ultra-Violet products, 254 nm). Rottlerin, a selective inhibitor for PKC d was purchased from Calbiochem.
Plasmids and transient transfection
Bacterial expression vectors of glutathione S-transferase (GST)-fused JNK1 and c-Jun were kind gifts from Dr RJ Davis, and have been described previously (Derijard et al., 1995; Tournier et al., 1997) . The cDNAs containing the entire coding region of¯ag-tagged MKK7 and myc-tagged JNK1 from PT were ampli®ed by polymerase chain reaction (PCR) and subcloned into pCMV5. Sequences of these constructs were con®rmed by DNA sequencing. pCMV-¯ag-MKK7K63R were kind gifts from Dr H Ito, and have been described previously (Yamauchi et al., 1997a (Yamauchi et al., ,b, 2000 . AP-1 luciferase reporter plasmid, pAP-1-Luc was from STRATA-GENE. For transient transfection, ARO cells grown in 6 cm dishes were transfected with 5 mg total amount of DNA using 15 ml Lipofectin reagent (Gibco ± BRL) in the absence of serum.
PKC adenovirus vectors
Adenovirus expression vectors for DN types of PKC isoforms and b-galactosidase (Ax-LacZ) have been described previously (Kuroki et al., 1999; Ohba et al., 1998) . Brie¯y, the cDNAs coding for DN types of rabbit a isoform, rabbit b2 isoform, mouse d isoform, rabbit e isoform, mouse z isoform and b-galactosidase were inserted into the SwaI site of pAxCAwt. Using these cosmids, recombinant adenovirus containing each PKC gene was generated by the COS ± TPC method. Adenoviruses were harvested 72 h after infection to 293 cells, and titers were determined as described previously (Kanegae et al., 1994) . PT and ARO cells were infected at 3 MOI.
RT ± PCR
Total RNAs of thyroid cells were reverse transcribed in the presence of random primers and reverse transcriptase (Gibco ± BRL). cDNAs were subjected to PCR in a ®nal volume of 100 ml PCR buer containing dNTP mix, 2.5 units Ex Taq polymerase (TaKaRa) and speci®c primers. PCR was performed for a total of 30 cycles. Each PKC mRNA analysis was carried out by ampli®cations of fragments of about 500 bp using the following primers:
, PKC e/N 5'-CCTGAGATCCTGC-AGGAGTT-3', PKC e/C 5'-CTGCAGTGGGCTCTCAG-GGC-3', PKC z/N 5'-CATCACCGACAACCCGGACA-3', PKC z/C 5'-CGCCCTCGGAGCCGTGCCCA-3'. PCR products were electrophoresed onto a 2% agarose gel containing ethidium bromide and visualized under UV light.
JNK in vitro kinase assay
Cells were lysed in cell lysis buer containing 20 mM TrisHCl (pH 7.5), 1 mM EDTA, 150 mM NaCl, 0.5% Triton-X, 50 mM NaF, 10 mM Na Pyrophosphate, 2 mM PMSF, 1 mM Na Orthovanadate, 10 mg/l leupeptin, 10 mg/l antipain, 100 mg/l benzamidine hydrochloride, 50 mg/l aprotinin, 100 mg/l soybean trypsin inhibitor and 10 mg/l pepstatin. After separating JNK from cell lysates using GST-c-Jun fusion protein beads (New England Biolabs), precipitates were washed twice with washing buer containing 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 150 mM NaCl, and 0.1% Triton-X, and twice with kinase buer containing 25 mM Tris-HCl (pH 7.5), 5 mM b-glycerophosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , and 10 mM MgCl 2 . Kinase reactions were performed in the presence of 100 mM cold ATP for 30 min at 308C. Samples were separated by 10% SDS ± PAGE, and blotted onto nitrocellulose membrane. After blocking, the membrane was incubated with anti-phospho-c-Jun (ser63) antibody (New England Biolabs). The corresponding proteins were visualized with HRP-conjugated anti-rabbit IgG antibody (Santa Cruz) and an enhanced chemiluminescence (ECL) system (Amersham Life Science). Total cell lysates were separated by 10% SDS ± PAGE, and blotted onto nitrocellulose membrane. Total JNKs were visualized with anti-JNK2 antibody (D-2, Santa Cruz) and HRP-conjugated anti-mouse IgG antibody (Santa Cruz).
Immunoprecipitation of PKC d and immunoblot analysis
Cell lysates were incubated for 1 h at 48C with anti-PKC d antibody (C-20, Santa Cruz). Immune-complexes were incubated further for 1 h at 48C with protein A plus protein G-Sepharose (Amersham Life Science). Immunoprecipitates were washed three times with the washing buer, separated by 10% SDS ± PAGE, and blotted onto nitrocellulose membrane. After blocking, the membrane was incubated with anti-phospho-Tyr antibody (4G10, Upstate Biotech) or anti-PKC d antibody. The antigen-antibody complexes were visualized with HRP-conjugated anti-mouse or anti-rabbit IgG antibody and the ECL system.
Luciferase assay for AP-1 activity
To generate stable transfectants with AP-1 reporter, ARO cells were transfected with pAP-1-Luc, pCMV-neo and Lipofectin reagent in the absence of serum. After 12 h, the medium was replaced with 10% FBS RPMI1640 and cultured for 14 days with G418 selection (300 mg/ml). The neomycinresistant colonies were picked and grown as individual cell lines. Each cell line was exposed to IR and UV, and screened by luciferase assay. After irradiation, cell lysates were prepared, and luciferase activity was measured by a TD-20/ 20 luminometer (Turner Designs). AP-1 activity was expressed as luciferase activity, and the reported values represented the mean and standard deviation (s.d.) of the results of six separate wells. Experiments were repeated at least three times.
Immune-complex kinase assays
Cell lysates were incubated for 1 h at 48C with appropriate antibodies [anti-phospho-SEK1 antibody (New England Biolabs) for MKK4 assay, anti-¯ag antibody (M2, Sigma) for MKK7 assay, or anti-myc antibody (9E10, Calbiochem) for JNK assay]. Immune-complexes were incubated further for 1 h at 48C with protein G-Sepharose. Precipitates were washed twice with the washing buer and twice with the kinase buer. Kinase reactions were performed with appropriate recombinant substrates (GST-JNK1 and GST-c-Jun for MKK4/MKK7 assays, or GST-c-Jun for JNK assay) in the presence of cold ATP (200 mM ATP for 20 min at 308C for MKK4/JNK assays, and 120 mM ATP for 15 min at 308C for MKK7 assay). Samples were separated by 10% SDS ± PAGE, and blotted onto nitrocellulose membrane. After blocking, the membrane was incubated with anti-phospho-cJun (Ser63) antibody. The antigen-antibody complexes were visualized with HRP-conjugated anti-mouse or anti-rabbit IgG antibody and the ECL system.
Statistical analysis
Data were expressed as mean+s.d. Dierences between groups were examined for statistical signi®cance using oneway analysis of variance (ANOVA) followed by Fisher's PLSD.
